events. All procedures were performed with the aid of MER guidance. After the patients had provided written, informed consent to participate in the study, they were extensively evaluated before surgery by conducting neurological and neuropsychological testing and MR imaging of the brain.
Stereotactic Surgery
All medications were stopped on the day of surgery. After local anesthesia had been administered in the patient, stereotactic surgery was performed using an MR imagingcompatible, Leksell stereotactic frame. The tentative target coordinates were based on the anterior commissure-posterior commissure line, as determined on MR imaging. 6 A burr hole was made in the skull, and a bipolar microelectrode (impedance 1 M⍀ at 1000 Hz; a 30-m-thick tungsten-tipped wire coated with Teflon and encased in a 26-gauge stainless steel carrier tube) was inserted through a sheath to localize the target accurately. Microstimulation through the electrode was used to estimate the distance from the internal capsule or the optic tract to ensure the safe creation of lesions or implantation of a DBS electrode. 45 Thereafter, radiofrequency-induced coagulation proceeded or the DBS electrode was inserted. Using a 1.8-mm-diameter electrode with an exposed 3-mm tip, the radiofrequencyinduced lesions were created by heating the target area to 70˚C for 70 seconds. Quadripolar stimulation leads (model 3387; Medtronic, Inc., Minneapolis, MN) were advanced to the final target for DBS. Immediately after the procedure, the patients underwent CT scanning (4-mm-wide slices) to detect the presence of hemorrhage.
Statistical Analysis
Statistical analysis of the clinical data was performed using one-factor ANOVA. The distance error was deemed statistically significant if the probability that the null hypothesis was true was less than 5% (that is, p Ͻ 0.05). Table 1 shows patient age, type of disease, surgical target, and numbers of microelectrode penetrations and coagulation points. The numbers of microelectrode penetrations required to produce reliable localization of the GPi, Vim, and STN, including both coagulation and implantation operations, were 2.1 Ϯ 0.9, 2.8 Ϯ 1.1, and 2.3 Ϯ 1.1, respectively.
Results
Intraoperative hemorrhages were evident at 12 locations following 11 procedures (9.5% of all procedures). Table 2 shows the characteristics of the 11 patients (seven male and four female patients) in whom one or more hemorrhages occurred. Two patients had histories of hypertension, but blood pressure was maintained below 160 mm Hg in those patients as well as in the other nine patients during surgery. The relationship between the effects of drugs such as aspirin and intraoperative hemorrhage was not investigated because none of the patients had taken such drugs for at least 3 weeks before surgery. The maximal diameter of the hematomas ranged from 4 to 50 mm with a mean of 13.5 Ϯ 13.5 mm. Among the four symptomatic patients the mean size of the lesions found at five locations was 19.8 Ϯ 17.3 mm, whereas among the seven asymptomatic patients the mean size of the lesions was 7.2 Ϯ 3.6 mm.
We separated the patients in whom hemorrhage had occurred into two groups: symptomatic hemorrhage if deterioration of consciousness and/or neurological deficits were apparent, and asymptomatic hemorrhage if no symptoms were present. Four symptomatic hemorrhages were located within the parenchyma. The symptoms consisted of contralateral hemiparesis in two patients, hemiballism in one, and facial dysesthesia in another. The maximal diameter of all symptomatic hemorrhages was at least 10 mm. The largest hematoma, which was 50 mm in diameter and found in the frontal subcortex during MER for pallidotomy, was surgically evacuated. Electrical silence and hemiparesis during MER were evident in this patient and in one other patient before their intracerebral hematomas were detected. All patients significantly improved over time.
Asymptomatic hemorrhages were identified in both intraparenchymal and intraventricular locations. The maximal diameter of asymptomatic hemorrhages ranged from 4 to 13 mm, but most of them were smaller than 10 mm. The MER was completed in all asymptomatic patients without incident during coagulation or electrode implantation.
The overall morbidity rate in patients who underwent these 116 procedures was 3.4% (four incidents in 116 procedures) and the mortality rate was 0%. The mean age of patients with hemorrhages did not differ from that of patients without hemorrhages (60.5 Ϯ 7.1 years compared with 56.1 Ϯ 14.9 years, respectively; p = 0.35, one-factor ANOVA). In patients with and without hemorrhage the number of microelectrode penetration passes did not differ (2.7 Ϯ 1.1 microelectrode passes compared with 2.4 Ϯ 1.1 microelectrode passes, respectively; p = 0.31, one-fac- 
* CVD = cerebrovascular disease; NA = not applicable; RF = radiofrequency; SD = standard deviation.
tor ANOVA), and neither did the number of coagulations (3.6 Ϯ 2 coagulation points compared with 3.1 Ϯ 1.2 coagulation points, respectively; p = 0.29, one-factor ANOVA).
Nine hemorrhages (15.8%) developed in the patients who had undergone 57 coagulation operations. In this group, thalamotomy and pallidotomy were associated with the highest and lowest rates of hemorrhage, respectively (five [21.7%] of 23 operations compared with four [11.8%] of 34 operations). All hemorrhages induced by thalamotomy were located within the thalamus. Hemorrhages that occurred after pallidotomy encroached on the internal capsule in two patients and were located in the subcortical region of the frontal lobe in three (one patient had two hemorrhages). In contrast, only two (intraventricular) hemorrhages (3.4%) occurred during the 59 operations for DBS electrode implantation. Hemorrhages were undetected in the main DBS target, the STN. Table 3 contains a list of 22 articles published after 1995 in which a 2.9% incidence of hemorrhagic complications in MER-guided stereotactic operations for movement disorders has been reported (46 patients in 1589 operations; we used a value of zero for those papers that included clinical information but no data regarding intraoperative hematoma). Hemorrhages occurred more frequently during coagulation procedures (29 [3.1%] of 945) than during electrode implantation surgery (17 [2.6%] of 644). The overall incidence of bleeding in our series (9.5%) was much higher than that previously reported (2.9%). The most likely reason for this is that we used MR imaging rather than ventriculography for targeting. Ventriculography does not affect the detection of intraparenchymal blood, which is clinically important; however, ventriculography may not demonstrate hemorrhage in the ventricle, in the subarachnoid space, or near the cortical sulcus. Targeting with the aid of MR imaging detected hemorrhages near the cortical sulcus and in the ventricle, which might have been masked by the contrast medium used in ventriculography. 3, 24, 27 In fact, in our patients two intraventricular hemorrhages might have remained undetected had ventriculography been performed (Fig. 1 left) . Another reason for the higher incidence of detected hemorrhages in our series is the fact that we routinely performed CT scanning immediately after surgery, and we also included small amounts of blood found along the electrode trajectories (Fig. 1 right) . In a review of the literature, we found that CT scanning or MR imaging was performed a mean of 2.1 days after surgery (range, immediately postoperatively-3 days postoperatively). 1, 4, 6, 10, [20] [21] [22] 35, 37 Thus, our rates are probably a more accurate estimate of the total incidence of hemorrhages in MER-guided procedures than that previously reported.
Discussion
During stereotactic surgery, MER precisely localizes structures along the surgical trajectory 38 and protects structures such as the internal capsule and optic tract from injury or stimulation side effects. 1, 6, 24 Nevertheless, electrode penetrations are associated with a risk of hematoma formation. 5, 15 Some of the subcortical hemorrhages found in the present study were essentially unavoidable consequences of the surgical technique. 33 We assumed that hemorrhages along MER trajectories were the result of injury to blood vessels caused by the advancing microelectrode. 10, 14 Hemorrhages near the cortical surface may be related to microelectrode-induced injury to cortical veins and to blood vessels in the depths of the cerebral sulci. 37 Such hemorrhages can often be avoided by careful planning and injury can be prevented by inserting a blunt-tipped sheath stylet through the cerebral sulci, so that the electrode tips do not interfere with cortical veins or the cerebral sulcus. 45 Hemorrhage that is related to an intraoperative involuntary movement by the patient may also be avoidable. 11 Sedatives such as propofol could suppress such movements without MER interference. 6, 11, 29 Whether penetration of vessels by the sharp electrode or heat produced by the coagulation procedure caused the hemorrhages located in the stereotactic targets, such as the pallidum or thalamus, remains unclear. The MER suddenly deteriorated in one of our patients (Case 8) who experienced hemorrhage in the stereotactic target, an injury that we ascribed to the microelectrode. We assumed that other hemorrhages were induced by heat in the stereotactic targets in cases in which there was no deterioration in the MER and in which coagulation was complete. 45 Hematomas caused by the destruction of small vessels during radiofrequency-induced coagulation are also difficult to predict and avoid, particularly those resulting from radiofrequencyinduced heat ablation at the lesion site and at blood vessel walls near the target. Normal postcoagulation blood flow around the heated area may generate a heat discrepancy, known as the cooling effect, which could induce the destruction of fragile small vessel walls around target lesions. 33 In agreement with a report by Pahwa, et al., 33 intrathalamic hematomas induced by thalamotomy were associated with a particularly high incidence of hemorrhage. This might be due in part to the anatomical characteristics of the thalamic target. 17 The Vim receives its blood supply through the thalamogeniculate arteries, which are branches of the posterior cerebral artery (P 2 segment) 13 and consist of a mean of 5.7 pieces (range, two-12 pieces). 31 The diameter of this blood vessel is relatively large and the thalamogeniculate artery produces a rich vascular network, resulting in a fairly abundant blood flow to this area of the thalamus. 40 Furthermore, the vessel and its branches may be particularly prone to developing dystrophic changes in the vessel wall. In an autopsy study, Kagawa 16 found that approximately 70% of thalamic strokes involved the lateral part of thalamus, including the Vim, and that vascular necrosis is common in the area of the posterior nucleus ventralis lateralis, which is adjacent to the Vim. Therefore, surgery around the Vim may be associated with a high risk of hemorrhagic complications. On the other hand, the blood supply around the GPi area comes from the medial striate artery primarily as well as from the anterior choroidal artery. 39 Takahashi 39 reported that cerebral apoplexy in the area occupied by the medial striate artery is rare, in contrast to the area around the globus pallidus externus and the putamen, which is supplied by the lateral striate artery. 34 The smaller ; front = frontal lobe; IC = internal capsule; ICH = intracerebral hematoma; MCA = middle cerebral artery; ND = not described; Pu = putamen; SAH = subarachnoid hemorrhage; SC = subcortical area; SDH = subdural hematoma; thal = thalamus; TIA = transient ischemic attack; VG = ventriculography.
numbers and thinness of the medial striate artery, compared with the lateral striate artery, may account for this finding. 34 The blood supply to the STN has yet to be defined. The peduncular perforating artery, which starts from the posterior cerebral artery (P 2 segment) and has a mean number of 2.8 branches (range, zero-six branches), might supply blood flow to the cerebral peduncle including the STN and/ or the substantia nigra. 46 Thus, in the present study, the large number of vessels and abundant blood flow in the Vim compared with those in other stereotactic targets, such as the GPi and the STN, may have resulted in the higher frequency of hemorrhage in the Vim area. In-depth clinical and analytical examination of the relationships between the microanatomy of the stereotactic targets and detailed blood supply maps are required to avoid hemorrhagic complications.
Conclusions
The rate of intraoperative hemorrhage due to both coagulation and implantation of DBS electrodes in the present study was 9.5%. Hemorrhages occurred almost five times more frequently after radiofrequency-induced coagulation than after implantation of a DBS lead. This finding suggests that the actual frequency of intraoperative hemorrhage under MER guidance is higher than previously reported if small, asymptomatic hemorrhages are included in the count. The heat induced by coagulation may be more of a concern than microelectrode penetration. Of the ablative procedures, thalamotomy was more frequently associated with hematomas than was pallidotomy. Hemorrhage was undetectable in the STN, although that site was targeted in most DBS surgeries. Factors contributing to this difference might include the varied anatomical characteristics of the primary targets of these procedures.
